Introduction
Mitochondria are among the most complex cell organelles, and contain up to 10% of the cell protein content. Furthermore, they are among the few cell organelles which are separated from the bulk of the cytoplasm by a double membrane (i.e. a double lipid bilayer). As a matter of fact, this is probably linked with the functioning of the mitochondrial energy transducing machinery, which uses a proton gradient across the inner membrane. This proton gradient is built by the oxidative phosphorylation complexes, also named complex I to IV or respiratory complexes, but it also requires a "tight" membrane, in the sense that it must be impermeant even to protons which must re-enter in the mitochondrial matrix only through the ATP synthase (also named complex V) for an efficient ATP production. This implies in turn that this membrane is also impermeant to many other solutes, including those which must be present in the mitochondrial matrix, so that the various biochemical reactions which occur in the mitochondria can take place.
This further implies that a whole range of transporters is present in the inner membrane to allow the selective import of these substrates.
Mitochondria are also peculiar in the fact that they possess an autonomous genome. In mammals this genome is almost vestigial and encodes only 13 protein subunits, all very hydrophobic. This implies in turn that a few hundreds of proteins present in the mitochondria are imported, even the mitochondrial ribosomal proteins and the mitochondrial RNA polymerase that are used to produce in situ the mitochondrially-encoded proteins. This import mechanism is quite different from the one used for ER-derived organelles, and has been reviewed elsewhere [1] .
Thus, on a protein composition point of view, mitochondria are quite complex and encompass both very soluble proteins (present in the matrix and the intermembrane space) and very hydrophobic membrane proteins, plus membrane proteins of intermediate solubility, such as some subunits of the oxidative phosphorylation complexes or the outer membrane porins. This chemical heterogeneity is a real challenge for the proteomic analysis of mitochondria.
Dysfunction of mitochondria can lead to several disorders of varied severity, ranging from intolerance to an intense effort to perinataly fatal diseases. Progressive mitochondrial dysfunction has also been implicated in the aging process. This has led to interest in comparative mitochondrial proteomics. As many mitochondrial proteins are assembled into complexes of defined stoichiometry (e.g. the respiratory complexes whose structure is sometimes known [2, 3]) it is interesting to reach a fine quantification level which allows to investigate mis-stoichimetries caused by deficient complex assembly. Not all proteomics techniques allow reaching this precision level, and two-dimensional electrophoresis is among the few available choices nowadays. However, this technique is not without drawbacks, especially for hydrophobic proteins [4] and adequate protein solubilization conditions must be used to visualize at least part of the inner membrane-embedded proteins.
The methodological part of this chapter will therefore start with the biological sample (e.g. cultured cells) and detail the mitochondrial preparation, the protein solubilization and the twodimensional electrophoresis. The mass spectrometry techniques used are quite standard and can be found in any proteomics textbook. A brief outline only will be given in this chapter. concentrated NaOH (10 M) up to the desired pH, which is close to the dissolution point. Thus care must be taken not to add too much sodium hydroxide. This EDTA stock solution is stable for months at room temperature.
Materials

Mitochondria preparation
5. Solution E: 0.225 M sucrose, 75mM mannitol, 10 mM Tris-HCl pH 7.6, 1mM EDTA.
Mitochondrial proteins solubilization
1. Solution F: 8.75 M urea, 2.5 M thiourea, 6 mM tris carboxyethyl phosphine and 0.5% (v/v) 3-10 carrier ampholytes (all from Fluka). This solution is difficult to prepare, as water occupies less than 50% of the volume. The most convenient way is to place the capped tube in a bath sonicator and to let sonicate until complete dissolution (occasional tube inverting speeds up the process).
Once made, this solution is stored in aliquots at -20°C for up to one year. Attempts to correct the problem by adding more ammonium hydroxide solution generally lead to poorer sensitivity.
2D gel electophoresis
The ammonia--silver ratio is a critical parameter for good sensitivity [5] . The above proportions
give a ratio of 3.1, which is one of the lowest practicable ratios. This ensures highest sensitivity and good reproducibility control of the ammonia concentration through silver hydroxide precipitation. This solution should be prepared at most 30 min before use.
Flasks used for preparation of silver--ammonia complexes and silver--ammonia solutions must not be left to dry out, as explosive silver azide may form. Flasks must be rinsed at once with distilled water, while used silver solutions should be put in a dedicated waste vessel containing either sodium chloride or a reducer (e.g. ascorbic acid) to precipitate silver.
12. Solution O: 2% (w/v) phosphoric acid, 15% (v/v) ethanol and 12% (w/v) ammonium sulfate.
Phosphoric acid and ammonium sulfate are added to water (70% of the final volume). Ethanol is added once the salt is dissolved, and the volume is adjusted with water.
Protein digestion and analysis by mass spectrometry
1. 25 mM ammonium bicarbonate.
2. HPLC grade acetonitrile and formic acid.
3. 10 mM dithiothreitol.
4. 55 mM iodoacetamide.
5. Sequencing-grade trypsin.
5. α-cyano-4-hydroxycinnamic acid.
6. Mass spectrometry measurements are carried out on an ULTRAFLEX™ MALDI-TOF/TOF mass spectrometer (Bruker-Daltonik GmbH, Bremen, Germany).
Methods
Mitochondria preparation
The preparation starts from a cell pellet. As small scale preparations lead to more severe losses and also to lesser mitochondrial purity, it is recommended to start from a billion cells, leading to a few milligrams of mitochondrial proteins. This amount is sufficient to carry out a complete set of comparative mitochondrial proteomics, including several replicate gels and preparative gels for the identification of minor-abundance proteins.
1. After isolation, wash the cells in a standard saline solution (e.g. PBS). 
Swell the cells in solution
Mitochondrial protein solubilization.
Protein solubilization for two-dimensional gel electrophoresis is carried out the day of use by mixing at room temperature one volume of mitochondrial suspension, one volume of detergent solution and 8 volumes of solution F (see Notes 4 and 5). Extraction is carried out at room temperature for 0.5 to 3 h. The solution is then loaded on the isoelectric focusing strip.
Two-dimensional gel electrophoresis
Isoelectric focusing.
Because of their simplicity of use and because of their high performance in the analysis of basic proteins (mitochondria are quite rich in basic proteins), the use of immobilized pH gradients (IPG) strips is strongly recommended. Strips of various pH ranges are commercially available (e.g. from GE Healthcare or from Bio-Rad). Otherwise, immobilized pH gradient plates can be prepared in the laboratory and cut into strips of required width with a paper cutter. This homemade pH gradient preparation is however beyond the scope of this chapter and can be found in adequate textbooks [6] . Nevertheless, commercial or home-made IPG strips are handled the same way. The strips are reswollen in the adequate solution and the protein sample is applied either at this reswelling stage or after reswelling in a sample cup. As a rule of thumb, application by reswelling is preferred, except when it leads to poor resolution, i.e. for basic gradients (e.g. 6-10, 7-11 ranges). However, sample application by reswelling is adequate for wide gradients, even if they extend into the basic pH (e.g. 3-10, 4-12). Both sample application procedures are presented here.
Sample application by reswelling.
The total amount of solution needed for complete reswelling (i.e. including the sample solution volume) depends on the size of the strip. Commercial strips are 3.3 mm wide, and cast as 0.5 mm thick gels. Thus the strip gel volume in μL is 1.65 x strip gel length (in mm). However, best results are obtained when the gel is reswollen to 1.25-1.3 fold over their initial volume [7] . Thus, the reswelling volume in μL is 2 x strip gel length (in mm).
Practically, prepare a sample dilution solution on the day of use by mixing 8 volumes of solution F, 1 volume of water and 1 volume of 20% detergent solution.
Once the required reswelling volume and the required sample volume are known, dilute the sample up to the reswelling volume with this dilution solution.
To this reswelling sample solution, add (i) 1 μL of Orange G solution and (ii) 0.1 volume of dithiodiethanol (see Note 6).
Place this complete, colored rehydration solution in the grooved rehydration chamber or in the strip holder, depending on the system used, and let rehydration take place overnight at room temperature, the whole strip plus solution being covered by mineral oil to prevent evaporation.
Place then the reswollen gel in the IEF apparatus which is ready for running.
Sample application by cup loading.
In this case, the ideal gel rehydration volume is the initial one, i.e. provided by the IEF apparatus supplier. On the day of use, apply the sample at the anodic side of the gel on a plastic cup or in the molded chamber, depending on the apparatus used.
Isoelectric focusing and equilibration
1. Place the rehydrated strip in the strip holder and apply the sample anodically if necessary. This is required when alkaline pH gradients (e.g. 6-12, 7-11) are used.
2. Cover the strip and the sample with mineral oil and connect the power supply. 
SDS electrophoresis
Gel casting
In addition to being rich in basic proteins, mitochondria are rich in low-molecular-weight proteins, and many subunits of the respiratory complexes are below 15 kDa. This makes the standard Laemmli system not optimal for the resolution of mitochondrial proteins, and it is recommended to use the recently-introduced Tris-Taurine system [9] (see Note 7).
1. 1.5-mm-thick gels are routinely used. For a 160x200x1.5 mm gel, 60 mL of gel mix are prepared. This gel mix is optimized for the molecular weight range that needs to be investigated. 5. It is recommended to cast the second dimension gels the day before their use for a complete and uniform polymerization. Once polymerized, remove the gels from the casting chamber, remove the butanol and replace with water, and store the gels assemblies in a closed polyethylene box. To avoid glass plate sticking, separate each gel assembly from its neighbors by a plastic sheet (polycarbonate plastic sheets from Bio-Rad).
Strip transfer and gel running
1. Place the second dimension gel assembly on its stand.
2. Catch the equilibrated strip with tweezers at one end. The use of inverted tweezers which hold the strip without hand pressure is quite convenient.
3. Clip the excess plastic and gel at the free end (the one not covered by the tweezers) with scissors.
4. Pour 0.8 mL of molten agarose (solution K) on the top of the second dimension gel, and put the strip in place (clipping of the excess plastic and gel at the site of the tweezers releases the strip in place). Care must be taken to eliminate any bubble between the top of the second dimension gel and the strip.
5. Allow10 min for the agarose to set (see Note 9) and secure the gel in the gel tank.
6. Fill the lower chamber of the tank with buffer L and the upper chamber with buffer M (see
Note 10).
7. Run the second dimension gels at 10°C (thermostated) for 1 h at 25 V, then at 12 W/gel until the bromophenol blue front reaches the bottom of the gel.
Spot visualization
Two main types of spot visualization are used in such proteomics experiments. Silver staining is used in the initial phases of the study, for example to set the conditions and to perform comparative experiments. The rationale for using silver staining is based on its sensitivity, as a gel showing more than 1000 protein spots can be obtained with 0.1 mg of total mitochondrial proteins. Such "analytical" gels can be used for image analysis but also for spot excision and subsequent protein identification with mass spectrometry. However, silver-stained gels can be deceptive in spot identification, because (i) small and weak silver-stained spots contain very small amounts of proteins and (ii) the silver staining process results in peptide losses in the mass spectrometry identification process [10] .
Two main processes can be used for silver staining. The silver nitrate process works well for acidic proteins, but less well for basic proteins. In addition, peptide losses are often important.
The silver-ammonia process works nicely for basic proteins, but frequently gives artifacts (weak or hollow or negative spots) in the acidic range. However, the peptide losses are generally lesser with this process. For optimal performance, silver-ammonia staining requires home-made gels cast with sodium thiosulfate (see Note 10)
Both processes are given below. 2. Rinse in water for 4 x 10 min.
Protein spots de-staining
When protein identification is planned on spots stained with silver, a destaining step is required for better results. To maximize peptide recovery by in-gel proteolytic digestion, this destaining step should be performed the same day as silver staining [10] .
Destaining proceeds as follows [11] :
1. Prepare a stock solution of potassium ferricyanide (30 mM in water) and a solution of sodium thiosulfate (100 mM in water). Just before use, mix equal volumes of the two solutions and cover the spots with the resulting mix.
2. Destain the spots for 5 min at room temperature.
3. Remove the destaining solution, rinse 3x5 min with water.
4. Soak the spots for 20 min in ammonium bicarbonate (200 mM).
Remove the bicarbonate solution and rinse 3x5 min in water.
For the less abundant protein spots whose identification fails from silver-stained gels, or when maximal sequence coverage is desired (for example for assignment of modification sites) more heavily loaded gels are needed (0.5 to 1 mg protein loaded on the strip). These gels are usually stained with colloidal Coomassie blue, which is far less sensitive than silver staining but gives much better sequence coverage. 
Mass spectrometry
The details of mass spectrometry analysis are not fully in the scope of this chapter, as rather classical procedures are used. The detailed procedures used are mentioned for information.
In-gel digestion
1. Wash the spots (a robotic device can be used) with 0.1 mL of 25 mM ammonium bicarbonate for 8 min.
2. Remove the bicarbonate and shrink the gel pieces 3x8 min with pure acetonitrile.
3. Remove the acetonitrile and dry completely the gel pieces in a vacuum centrifugal concentrator (e.g. a SpeedVac).
4. Cover the gel pieces with 0.1 mL of 10 mM dithiothreitol in 25 mM ammonium bicarbonate, and break disulfide bridges by incubating at 50°C for 1 hour.
5. Add 0.1 mL of 55 mM iodoacetamide in 25 mM ammonium bicarbonate, and alkylate the thiol groups at room temperature for 1 day (in the dark).
6. Wash alternatively with 25 mM ammonium bicarbonate and acetonitrile (5 min each). Repeat this double washing three times.
7. Dry completely the gel pieces in a vacuum centrifugal concentrator (e.g. a SpeedVac). 
Mass spectrometry measurements
The MALDI-TOF/TOF instrument is used at a maximum accelerating potential of 20 kV and Monoisotopic peptide masses are assigned and used for database searches using the search engines MASCOT (Matrix Science, London, UK) and Aldente (www.expasy.org). All proteins present in Swiss-Prot are used without any pI and Mr restrictions. The error on peptide mass measurement is limited to 50 ppm, one possible cleavage site missed by trypsin is accepted.
A few results
In order to illustrate the methods presented in this chapter, some results obtained on mitochondria prepared from human cultured cells are shown. Figure 1 [16] . The choice of detergent will then depend on the focus of the study or on the amount of sample, which will allow or not series of experiments to be carried out with different detergents.
5. In some cases, this procedure will lead to too dilute a protein solution (e.g. for heavily loaded preparative gels or for cup loading). If this is the case, collect first the mitochondria in an Eppendorf-type tube by centrifugation (10,000g for 10 min at 4°C), and then suspend the pellet in an equal volume of 10% detergent solution plus four volumes of solution F.
6. The orange G is used as a tracker dye to check for any lack of electrical contact which would prevent protein migration at the isoelectric focusing stage. The dye must migrate to the anode and collect in a small zone close to the anode. Dye remaining over a large portion of the strip indicates a migration problem (electrical contact problem or too high salt concentration).
Dithiodiethanol (used as supplied) has been shown to increase resolution in the basic portion of the IPG gels [17] and simplifies equilibration between the IPG and SDS dimension. It can be used with any pH range.
7. The Tris-Taurine system uses both the pH and the acrylamide concentration to control the speed of the moving boundary (visualized as the bromophenol blue front). This speed controls in turn the speed of the proteins that can comigrate with this dye front, and thus the lower limit (in molecular weight) of the proteins that can be resolved in the gel. This strong dependency of the boundary speed upon pH explains the way of preparing the gel buffer. These recipes have been empirically optimized, and their way of preparation is designed to give the best reproducibility over time.
8. For optimal results, alterations must be made at the level of gel casting when silver ammonia staining is to be performed. Thiosulfate is added at the gel polymerization step. Practically, the initiating system is composed of 1 µL of TEMED, 7 µL of 10% (w/v) sodium thiosulfate solution and 8 µL of 10% (w/v) ammonium persulfate solution per mL of gel mix. This ensures correct gel formation and gives minimal background upon staining.
9: Low melting agarose is used as it will leave more time to put the strip in place before the agarose gel sets. This can be a problem in summer in warm labs, where the temperature is close to the setting temperature of low melting agarose. If this is the case, the most convenient way is to place the gel assemblies in the fridge for 1 h prior to strip transfer. This will secure agarose gel setting.
10. Two different buffers can be used in gel tanks where the cathode and anode chambers do not communicate on a fluidic point of view (e.g. Bio-Rad Protean chambers). In this case, the lower chamber is usually much bigger than the upper one, and a cheaper Tris glycine buffer can be used in the lower chamber. Taurine is needed only in the cathode (upper) chamber for the system to operate. In "submarine" type gel tanks (e.g. Bio-Rad dodeca cell) the Taurine buffer (solution M) must be the only electrode buffer used.
11. General practice for silver staining. Batches of gels (up to five gels per box) can be stained.
For a batch of three to five medium-sized gels (e.g. 160 x 200 x 1.5 mm), 1 L of the required solution is used, which corresponds to a solution/gel volume ratio of 5 or more; 500 mL of solution is used for one or two gels. Batch processing can be used for every step longer than 5 min, except for image development, where one gel per box is required. For steps shorter than 5 min, the gels should be dipped individually in the corresponding solution.
For changing solutions, the best way is to use a plastic sheet. The sheet is pressed on the pile of gels with the aid of a gloved hand. Inclining the entire setup allows the emptying of the box while keeping the gels in it. The next solution is poured with the plastic sheet in place, which prevents the solution flow from breaking the gels. The plastic sheet is removed after the solution change and kept in a separate box filled with water until the next solution change. This water is changed after each complete round of silver staining. The above statements are not true when gels supported by a plastic film are stained. In this case, only one gel per dish is required. A setup for multiple staining of supported gels has been described elsewhere [18] .
When gels must be handled individually, they are manipulated with gloved hands. The use of powder-free, nitrile gloves is strongly recommended, as powdered latex gloves are often the cause of pressure marks. Except for development or short steps, where occasional hand agitation of the staining vessel is convenient, constant agitation is required for all the steps. A reciprocal ("ping-pong") shaker is used at 30-40 strokes per min. Last, but not least, the quality of water is critical. Best results are obtained with water treated with ion exchange resins (resistivity higher than 15 MΩ/cm). Distilled water gives more erratic results.
